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C. Improvement of Cavitation Resistance of a Pumpjet

The velocity of flow through a propeller is essentially dictated by the forward velocity of the
propelled craft, This velocity of flow is necessarily greater than the velocity which wou-{d exist
without the propeller present because the flow relative to the propeiler is :u. elerated before .it
reaches the propeller. A shroud (Fig. 1) reduces the velocity of flow through the pumpjet rotor
thereby making its cavitation characteristics independent, to some extent, of the velocity ofthé
propelled vehicle.

Cavitation in the hydrodynamic propulsor is a function of the velocity of flow relative to the
rotating blades of the propulsor. Figure 2 shows a typical inlet velocity diagram for a standard
marine propeller and for & pumpjet. Note that the peripheral velocity (Up) of‘thc pr Wpci'.cxl' b ‘1;lc
tip is usually considerably higher than the flow velocity (Vo) through i}:e blades. To redu c‘th~
velocity relative to the propeller blades (wsg), the peripheral velocity (Us) of the blades “;)u d b“
reduced by lowering :he rotational speed of the propeller. It is well kx{o\\'11~t}1:|t this proccciux‘cA \\'1;
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Abstract

EE PUMPJET ~ a hydrodynamic propulsor - is similar to a con-
ventional propeller rotating within a ductor shroud. The shroud permits
the flow velocity through the rotor to be controlled more or less inde-
pendently of the velocity of the vehicle. For certain applications, the
pumpjet can be designed to have better cavitation characteristics than
an open propeller; alternatively, the pumpjet can be made smaller than
the conventional propeller to reduce the weight of the propelling
machinery.

The pumpjet may be designed on the basis of knowledge and ex-
perience gained fromaxial-flow compressors and pumps. The meridional
flow within the shroud is assumed to be axially symmetrical, The flow
through the vane system is considered, with certain restrictions, to be
cylindrical. Although axial-compressor data can be used for the blade
design, blade profiles suitable for compressors are not suitable for
hydrodynamic propulsors because of the stringent requirements re-
garding cavitation. A quasi one-dimensional method of blade design is
described that uses compressor data but still meets the cavitation re-
quirements.

Problems of shroud design, skewed vanes, unsteady force action,

and boundary-layer intake are discussed; and problems that remain
unsolved are also pointed out.
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Nomenclature

frontal area of propelled vehicle (sq ft)

area (sq ft)

drag

| 2
'E—pVO A

drag coefficient of propelled vehicle =

f
shroud lift coefficient

blade lift coefficient based on average relative velocity
blade lift coefficient based on unit relative velocity

mass flow coefficient = _moss fiow rate

|
7% A
1
torque coefficient = I orque
2
2 pVO A'do
thrust coefficient = ITh'US;
A

drag of propelled vehicle (lb)

maximum diameter of propelled vehicle (£t)

rotor tip diameter (ft)

thrust (lb)

ft-1b
dimensional constant = 32.2 —mozss
b sec
submergence depth (ft)
: ___f1-Ib
rotor head = To mass
He

dimensionless rotor head = —
Vo /29




_fi-b

HSV = total inlet head = T oo
. Vo
J = advance ratio =
ndo
L = length of vortex cylinder (ft) (see Fig. 10)
L = length of propelled vehicle (ft)
2 = shroud length (ft)
2 = blade chord length ({t)
%, = axial blade chord (ft)
. slugs
m = mass flow ratio ( Sec )
. . . m
mg = dimensionless flow rate = — A8
4 Vidp
n = rotational speed (rps, unless otherwise stated)
n = coordinate normal to streamline (ft)
An = offset between mean streamline and camber line measured perpendicular to blade chord (ft)
An = An for NACA 65-series blade operating at Cl—m =10
n, = specific speed (see equation 23)
nF,S = propulsor specific speed (see equation 26)
Ap

= difference between blade pressure face and suction face pressure
at the sume axial position (psf)

Py = free-stream static pressure (psf)

p = free-stream static pressure at which cavitation appears ( b )
cr sqft
p = vapor pressure of water( I )

v sq ft

5 _ . (ft-1b
I = power ( Sec )
Q = volume flow rate (cfs)

R = radial distance from axis of rotation (ft)




U

W

@)

"

streamline radius of curvature (ft)

suction specific speed (see equation 24)

coordinate along streamline {ft)

circumferential blade spacing (ft)

rotor tip speed (fps)

velocity (fps)

axial component of velocity (fps)

meridional component of velocity (fps)

circumferential component of velocity (fps)

reference velocity, i.e., forward velocity of propelled vehicle (fps)
velocity induced by shroud (fps)

relative velocity (fps)

vectorial average of relative velocity between inlet and exit of blade (fps)
coordinate normal to surface (ft)

angle of attack

blade stagger angle from axial direction

total circulation resulting from circumferential component of vorticity (Sgecﬁ

\

~

circulation per unit length resulting from circumferential component of vorticity (fps)

sqQ ft)

shroud circulation ( S6C

(defined in Appendix C)
vortil:itv(l—)

sec

radial component of vorticity (_slec')




L = circumferential component of vorticity (..'._)

9 sec
A = sweep angle (deg)
T = hydraulic efficiency
i3 = propulsive efficiency
Thaw - Fam efficiency
9 = boundary-layer momentum thickness (ft)
8 = circumferential direction
P = fluid density ( ::“?f )
o = cavitation index
o = skew angle (deg)
T = circumferential blade thickness (ft)

Subscripts, which indicate stream position, are (see Fig. 1):

upstream of vehicle where the static pressure is equal to the free-stream static pressure far
ahead of the propelled vehicle

2 = rotor inlet

[
"

rotor exit

i
"

downstream of vehicle where the static pressure is equal to the free-stream static pressure
far ahead of the propelled vehicle




A Method for the Design of Pumpjets

A. Introduction

Q/{PUMPJE}T is a rotating hydrodynamic propulsor operatingin a close-fitting casing or shroud.
It is the hydraulic counterpart of the ducted-fan engine used for aircraft propulsion, The principal
difference between a pumpjet and a propeller is the manner in which the fluid flows through the
propulsor. The stream of flow through the pumpjet is made to depart from the ‘‘natural’’ or free-
stream surface thatbounds the flow through a standard propeller. The general form of the departure
from the free-stream surface is shown in Fig. 1.

An original purpose of the pumpjet was to improve the cavitation resistance of a hydrodynamic
propulsor beyond that of & propeller in the open stream, By the addition of a shroud, the velocity
of flow through the pumpjet rotor can be reduced, and its cavitation characteristics become
essentially independent of the velocity of the propelled vehicle. As shown in Fig. 1, the diameter
of the pumpjet rotor would have to be larger than the propeller to produce the same thrust at the
same flow rate through the propeller. This increase in the diameter of the propulsor and the
addition of the shroud increase its drag; therefore, the improved cavitation performance is
obtained at the expense of propulsor efficiency. The mecthod for obtaining a compromise solution
satisfactory for a pumpjet design will be discussed in this report.

1t is of interest to observe that the earliest use of a shroud around a hydrodynamic propeller -
the ‘‘Kort-nozzle'’' - produced an increase, rather than a decrease, in the velocity of flow through
the propeller. The purpose of the Kort-nozzle, however, was only to increase the thrust of a given
propeller. As Fig. 1 shows, if the cavitation resistance of the blades is to be improved with no
reduction in thrust and with the same rate of flow through the propulsor, the pumpjet rotor must be
larger than the propeller.

The pumpjet can also be used to obtain a reduction in the weight of the propulsor by increasing
its rotational speed; however, this weight reductionis obtained only at the sacrifice of the cavitation
characteristics of the propulsor. Withaboundary-layerintake, the process is particularly promis-
ing. This application is analagous to aircraft-engine development (1).%*

1t also appears that the unsteady forces usually associated with propellers operating in the
wake of a vehicle may be reduced by the use of the pumpjet; however, there is insufficient under=-
standing of the forces and flow conditions of both propellers and pumpjets to predict the possibili-
ties at this time,

HISTORY OF PUMPJET DESIGN

The idea for using a pumpjet for the suppression of cavitation dates back at least to 1945, at
which time G, F. Wislicenus had completed preliminary sketches of an axial-flow pumpjet for the
propulsien of torpedoes. The possibility of propelling underwater vehicles with pumpjets was also
being considered by others in this field and, as a result, a rather extensive development program
was begun at the U, S, Naval Ordnance Test Station (NOTS) in Pasadena. The program explored
the use of a radial- or mixed-flow type of pumpjet located at the front of the propelled body to
avoid the problem of inlet diffusion.

#*Numbers in parentheses indicate References listed at end of text.




The possibilities of pumpjetpropulsion continued to gain recognition, and a number of significant
reports were issued by Dr, Brumfield and his associates at NOTS and by others at the Johns
Hopkins University (2, 3). (In reference 2, particular attention is focused on the application of
pumpjets to surface ships.) The program at NOTS resulted in some experimental axial-flow
pumpjets in the early 1850’s. In the mid-1950's, a pumpjet program was begun by the Ordnance
Research Laboratory {(ORL) at The Pennsylvania State University; this report is concerned
primarily with the practical methods of pumpjet design that have been developed at ORL.

Axial-flow compressors for aircraftengines provide acomprehensive background for the design
of axial-flow pumpjets (4); however, axial-flow compressors and pumpjets differ in two significant
respects.

1. Because the pumpjet operates in a liquid, velocity limits are dictated by cavitation. Although
an analogy exists between the flow problems encountered when approaching sonic velocity in a gas
and the limits of incipient cavitation in a liquid, the optimum solutions for advancing these limits
are not the same for each case.

2. The mechanical problems of blade design for the liquid-handling pumpjet are entirely
different from those for the air-handling engine. Bending stresses dominate in the pumpjet; there-
fore, blades must have relatively low aspect ratios. Centrifugal forces dominate in the air-
handling engine (during steady operation); therefore, long, slender blades may be used.

AXIAL DIFFUSER

PUMPJET ROTOR

FREE-STREAM SURFACE
PROPELLER

i
STATION | STATION 2 STATION 3 STATION 4

Fig. 1 - Flow Comparison through a Pumpjet and a Propeller

Additional background is also provided by the extensive cavitation experience available from the
field of marine propellers and hydrodynamic pumps. The general philosophy of design that is
described in this report is based (a) on extensive use of the theoretical and experimental work of
NACA and others in the field of axial-flow compressors; (b) on an equally important modification
of these aerodynamic developments based on the experience available in the marine-propeller
field; and (c) on information available from axial-flow pumps designed for high resistance to
cavitation.




B. General Relations for Flow and Force Action

THRUST

The general relations for the flow and force actions of a pumpjet are exactly the same as for
those of a propeller. The thrust produced by a propulsor is given by

F=pQ(V,-V,), 1

where p is the fluid density, Qis the volume rate of flow, and V1 and V4 are the average velocities
in the approach and discharge sections (stations 1 and 4 in Fig, 1). In equation 1 it is assumed that
the pressure at station 1 and that at station 4 are both equal to the free-stream pressure at points
remote from the propulsor. Under conditions of self-propulsion, the thrust produced by the pro-
pulsor is equal to the drag of the propelled craft; therefore, F in equation 1 also represents the
total drag of the vehicle at the condition of self-propulsion. In coefficient or nondimensional form,
equation 1 may be written:

AN
CD‘Cm(vo vo)’

where Cq. is the thrust coefficient, Cpy is the drag coefficient (which includes the so-called ''thrust
deduction''), Cp, islthe mass-flow-rate coefficient, and Vg is the forward speed of the vehicle. (A
complete definition of these terms is given in the nomenclature.) The equation for Cp in equalion
2 is valid only under conditions of self-propulsion,

PROPULSIVE EFFICIENCY
The propulsive efficiency, or propulsive coefficient, is defined as the ratic of the work done by
the thrust of the propulsor moving at the velocity Vg to the energy required to increase the velocity

relative to the propulsion unit from V; to V,. If the condition of self-propulsion is considered
(i.e., the thrust to the drag equated), then

A
5 P00V = V7 )

e =

where D is the drag of the propelled vehicle. If equation 1 is used for the drag, M, May be written

= 4
Te T\, Lo
VO VO

where AV is equal to (V4-V;). In coefficient form this equation becomes

!
P I C v
2 m VO
From equation 5 it can be concluded that, for a given vehicle, the higher the mass flow rate
the higher the propulsive efficiency. llowever, it will be secn later in the report that the pump jet
adds an additional drag to the propelled craft, and that this additional drag {(or ‘‘induced drag"’




as it is called) also increases as the mass flow rate increases. Consequently, an optimum mass
flow rate exists for any given application.

HEAD, TORQUE, AND POWER RELATIONS

According to Euler’s turbomachinery equation, the input energy per pound mass through the
propulsor (or head) is given by

HR=A[V"U],

9
where V,, is the circumferential component of the absolute velocity and U is the circumferential

blade veibcity. The symbol A indicates the difference between the quantity VuU ahead of the rotor
and that behind the rotor. In coefficient form, equation 6 becomes

u
H, = 2A[ﬁ—] . 7
Ro Vo Vo
It is often found convenient to write this expression
2
,
He = 2a[ % 2] 8
U v,
The head may also be written
b Ve -yr
R~ 24 g ! 9

where 7 is the hydrauiic efficiency and, consequently, the required power is

|
27

P=gp QHg = pQ(VE - VF) 10

In coefficient form, this equation becomes

2IC:CD[| Co v_.]

Q 11

where €, is the torque coefficient and J is the advance ratio.

By equating relations 6 and 9 (using equation 1) and nondimensionalizing, the following ex-
pression is obtained: 2
A[Vu Uz]=l_ Cp [_I Co R \ ]
U v, n G, "2 C_ Vo
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C. Improvement of Cavitation Resistance of a Pumpjet

The velocity of flow through a propeller is essentially dictated by the forward velocity of the
propelled craft. This velocity of flowisnecessarily greater than the forward velocity of the vehicle
because the flow relative to the propeller is accelerated before it reaches the propeller. A shroud
(Fig., 1) reduces the velocity of flow through the pumpjet rotor, thereby making its cavitation
characteristics independent, to some extent, of the velocity of the propelled vehicle.

Cavitation in the hydrodynamic propulsor is a function of the velocity of flow relative to the
rotating blades of the propulsor. Figure 2 shows a typical inlet velocity diagram for a standard
marine propeller and for a pumpjet. Note that the peripheral velocity (Up) of the propeller blade
tip is usually considerably higher than the flow velocity (Vg) through the blades. To reduce the
velocity relative to the propeller blades (wg), the peripheral velocity (Up) of the blades could be
reduced by lowering the rotational speed of the propeller. 1t is well known that this procedure will




improve the cavitation resistance of the propeller orof a ‘‘corresponding pumpjet.”’ (A correspond~
ing pumpjet is defined as one having the same torque, speed, and thrust characteristics as those
of a given propeller.)

After the peripheral velocity of the blades has been reduced to a value comparable to the
velocity of flow through the blades, further significant reductions in the relative velocity can be
realized only by reducing both the axial through-flow velocity and the peripheral velocity of the
blades. By adding a shroud, the axial velocity compocnent (V2) can be reduced to a lower value
(Vy') as shown in Fig. 2b. If the peripheral velocity of the blades is reduced correspondingly from
Uy tc Ug', the velocity relative to the rotor blades is reduced from wo to the lower value w,'.

v, v, v,
W
¥
Uy
Uz
(b) PUMPJET
. DIAGRAMS ARE FOR
2 A CYLINDRICAL SURFACE

(a) PROPELLER AT THE BLADE TIP

Fig. 2 - Comparison of Typical Inlet Velocity Diagrams for a Standard Marine Propeller
and a Corresponding Pumpjet

Because the local pressure reductions at the rotor blades are proportional to w22, the above
procedure can substantially improve the cavitation resistance of the rotor, It is essential to
note that this improvement can be realized only after the peripheral velocity of the propulsor
blades has been reduced to approximately the velocity of flow through the rotor. It has been shown
that the relative velocities can be reduced to an extent such that the hull of a vehicle will cavitate
before its propulsor blades cavitate (2).

Can retardation of the flow through the propulsor be accomplished without an undue increase in
boundary-layer thickness or without actual flow separation? In the aircraft field it has been found
that retardations ahead of an unobstructed inlet to a jet engine (Fig. 3) can be quite high, and the
resulting so-called ‘‘ram’’ efficiencies are fairly high for flight at low Mach numbers. Since
underwater vehicles operate at extremely low Mach numbers, it can be assumed that substantial
retardations ahead of a pumpjet inlet can be obtained with good ram efficiencies.

Reference 3 reports on an investigation of inlet retardation or ‘‘prediffusion’’ in cases where
the incoming stream includes the boundary layer of the propelled craft. Somewhat unexpectedly
it was found that a limited amount of prediffusion is possible even in this case, and that it can be
obtained with acceptable ram efficiencies,

D. Over-All Design of an Isolated Pumpjet

The principles of pumpjet design will be discussed first with reference to an isolated pumpjet
similar to the jet-engine pod of aircraft (see Fig. 4). For theoretical analysis, the jet engine is
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Fig. 3 - Flow Retardation at Shroud Inlet
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Fig. 4 - lsolated Pumpjet

surrounded by a control volume that is a right cylinder coaxial with the engine. The distance
from the surface of this controlvolume tothe engine pod is great enough so that the pressure along
the surface of the control volume isequalto the pressure at an infinite distance from the propelied
body. Because of axial symmetry, the two-dimensional controlarea ABCD can be considered rather
than the total surface of the control volume.

Equations 1 through 5 apply to the inlet and discharge velocities at stations 1 and 4, the interior
of the propulsor, then, has no significance with respect to these over-all relations.

DETERMINATION OF FLOW RATE

The first step in the design is to decide on the rate of volume flow (Q) of the pumpjet. From
equation 5, it is apparent that the larger this rate of volume flow, the better will be the propulsive
efficiency of the pumpjet; therefore, as the diameter of the pumpjet is increased, less excess
velocity must be left in its wake to produce the required thrust.

Because the external-frict'on drag of the pumpjet is part of the over-all drag of the propelled
vehicle, this drag must be deducted from the thrust (as expressed by equation 1) to determine the
thrust exerted by the pumpjet. As the frontal area of the pumpjet is increased, this external-
friction drag will increase,




Figure 5 is a ‘‘carpet’’ plot of the propulsive efficiency of a jet engine or pumpjet (as expressed
by equation 4); however, the curves are corrected for the friction drag of the shroud or casing.
The curves for progressively increasing values of duct-loss coefficient k are separated from each
other by a horizontal shift of the AV/V, scale toward the left in direct proportion to the duct-loss
coefficient, The curve k = 0 represents the ideal case of zero friction drag on the shroud, i.e., an
unshrouded propeller; therefore, it is identical with the propulsive coefficient expressed by
equation 4. The numbers on the curves represent that portion of the kinetic energy of the incoming
flow per unit mass of fluid passing through the pumpjet that may be regarded as being lost by the
friction drag on the shroud or casing. Ifonly 10 per cent of the kinetic energy cf the incoming flow
were lost in this manner, the maximum propulsive efficiency would drop to approxiinately 75
per cent and the ratioof velocity increase through the pumpjet for optimum efficiency would change
from AV/V, =0 for the unshrouded propeller inthe open stream to AV/V, =03 for a pumpjet. Actually,
more than 10 per cent of the kinetic energy of the incoming stream is expected to be lost because
of the over-all friction of the shroud. Accordingly, Fig. 5 indicates that the maximum propulsive
efficiency, corrected for the added drag of the shroud, is to be expected at velocity-increase
ratios AV/V, in excess of 0.3, presumably leading tc optimum values for this ratio between 0.3 and
0.6. Although the true value of k cannot be reliably estimated before the pumpjet is designed, a
value of AV/V, in the range indicated above should result in a favorable efficiency of the over-all
unit. it should be recognized that, in general, this ratio will be chosen as high as can be justified
on the basis of efficiency coinsiderations given before. As can be seen from equation 1, with higher
values of AV less mass flow is required to produce a certain thrust; therefore, the diameter of
the pumpjet can be kept smaller.,

From the standpoint of over-all efficiency, then, a pumpjet should be smaller than a corre-
sponding propeller - in contrast to the opposite relationship for the same mass flow rate. The
fact that the pumpjet should be smaller than a corresponding propeller can generally be used to
estimate the diameter of a pumpjet to take the rlace of an existing propeller. A pumpjet with a rotor
diameter about 15 or 20 per cent less than that of a corresponding propeller is a suitable starting
point for a process of iteration leading to a suitable size for a given application,

PRELIMINARY SHROUD DESIGN

After the mass flow rate of the pumpjet has been determined, the casing or shroud may be
designed on the basis of one-dimensional considerations of continuity of the flow between the
shroud and the central body of the propulsor. The shape of this central body is usually determined
by some mechanical considerations of the rotating mechanism. Stream surfaces of revolution may
be drawn around the central body based on a certain mean velocity of flow between the upstream
surface and the ccntral body., The rate of volume flow is that given by the preceding considerations
and equation 1. The line markedl on Fig. 6 represents a stream surface of revolution correspond-
ing to the velocity inflow (V) well ahead of the shroud. The line marked 1 represents the
stream surface corrcsponding to a velocity (V, ') somewhat lower than Vi in accordance with the
expected 1etardation before the fluid enters the propulsor. Correspondingly, the stream surface
marked 2 represents the stream surface corrcsponding to a velocity Vg at the inlet of the rotor
sufficient to allow the required volume flow (Q) to pass betweenthis stream surface and the central
body of the unit. The stream surfaces marked 3 and 4' are likewise defined according to con-
tinuity considerations at the trailing edge of the rotor and at the shroud discharge, respectively.

A [irst estimate of the inside contour of the shroud may now be drawn as follows: at the inlet,
the surface must be slightly outside the stream surface 1'; it should pass through the stream
surfaces 2 and 3 near the estimated iniet and discharge of the rotor (stations 2 and 3); and it must
end slightly outside the stream surface 4' because the contraction of the contour toward the dis-
charge end of the shroud will produce a slight **vena contracta’’ for the discharging jet.

As yet, no considerationhasbeen giventothe length of the shroud, i.e., the longitudinal distance
between stations 1' and4'. Someindication of this length may be obtained on the basis of mechanical
considerations and the location and general arrangement of the pumpjet relative to the propelled
vehicle; however, a hydrodynamic criterion will be discussed at the end of this section, Figure 6
also shows a very simple geometric flow criterion that involves the angle of attack between the
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Fig. 6 - Fluid Flow through Shroud with Rotor Not Operating

undisturbed flow (the flow that would exist - without the shroud - at the approximate geometric
center of the shroud) and a zero lift line obtained by drawing a straight line between the trailing
edge and the center of the shroud profile (with finite thickness). It will be recognized that this
approximation of the zero lift direction is taken from plane flow considerations of airfoils and
cannot be considered as exact for a ring airfoil (the shroud of the pumpjet). By analogy to plane-
airfoil flow, it is possible to use the approximation that the lift coefficient is roughly equal to one-
tenth the angle of attack, o, measured (in degrees) from the zero lift direction. Thus, if a lift
coefficient of 1.5 is considered to be alimit obtainable without separation, the angle a, as shown in
Fig. 4, should not exceed 15 deg. Despite the relative crudeness of this approximation, consider-
ations of this type have led to practical results.

FLOW BETWEEN THE SHROUD AND THE CENTRAL BODY

The meridional flow between the central body and the shroud designed as discussed above is not
uniform because it is influenced by the curvature of the flow. Figure 7 shows a simple graphical
approximation for the velocity distribution, V,, between the shroud and the central body. This
approximation is obtained on the basis of the radius of curvature of the boundaries at the outer and
the inner end of the flow cross section. The equation used is for irrotational fluid motion:

AV Vo

+ — = 13
On r 95

where n is the coordinate normalto the flow, and r is the radius of curvature of the streamlines. A
start can be made with the radii of curvature, r, and rj, at the outer and inner boundaries of the
flow and radii of curvature can be obtained for intermediate streamlines by a process of iteration.

REFINEMENT OF SHROUD DESIGN

Before the next step in the designprocessis described (i.e., the placing of at least one rotating
and one stationary vane system into the stream between the shroud and the central body), the
previously mentioned proolem of the hydrodynamic effects of the shroud should be reconsidered.
1t was mentioned that the consideration of shroud angle of attack (a) is rather crude and not
acceptable as a final solution. References 5 and 6 present thecretical approaches to this problem;
however, one of the most practical solutions maybe that of McCormick and Eisenrhuth (7), which is
based, quite logically, on the difference in the diameter of a pumpjet rotor and that of a corre-
sponding propeller,
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Iig. 7 - Approximation of Velocity Distribution between the Shroud and the Central Bodv

It may be of interest that the circulation around the shroud of a pumpjet can be approximated by
one-dimensional considerations of the flowbetween the shroud and the central body. Figure 8 shows
the configuration considered. The central bodvisofa more conventional shape than that previously
discussed; 1i.e., it could represent either the central body of an isolated pumpjet (where the
through flow may be considered irrotational) or the after end of a propelled vehicle (where the
through flow can no longer be considered irrotational because the propulsor is immersed in the
boundary layer of the vehicle).

The shroud effect is considered here with no thought of the effect of the pumpjet rotor; there-
fore, the flow consideredhere differsfrom the flow under actual operating conditions in the manner
indicated by Fig. 9. This figure indicates that, with no pump rotor in the shroud, the flow leaving
and entering the space between tne shroud and the central body has the same velocity in the inlet
station 0'“, as it has in the dischargce station agy, as long as the distances from these stations to
the shroucd are sufficiently great such that the shroud does not influence the pressure at either
section., (The effect ofthe propelled body onthe velocity and pressure is ignored.) The inlet stream-
line S% therefore, is different from the streamline S that exists with the pumpjet operating. As a
result, with the pumpjetoperating, a higher velocity is produced at station agy than at Or The circu-
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I'ig. 9 - Effect of Pumpjet Rotor on Flow at Shroud Inlet

lation approximated on the basis of a shroud without a pumpjet rotor 1s, therefore, larger than the
circulation calculated when the action of the pumpjet rotor 1s considered.
Under the above conditions, the circulation around the shroud without a rotor (see Fig. 8) is

I-' -/'Cl e

= 7 v, ds-j: Vi, 05 14
A one-dimensional approximation is obtained by putting le - _ml »where le is the mean velocity of
a meridional flow through any flow section between the shroud and the central body. For V"‘o’ the

following approximation can be used:

m, ‘a0 'm 15
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where aj(s) is any cross sectioninside the shroud and is a function of the distance (s) along the flow
through this space.

In equation 14, the parts of the integrations that fall between stations 1 and 1' ahead of the shroud
and the stations ex' and ex behind the shroud must necessarily vanish because the flow may be re-
garded as irrotational in these regions,

Thus, the lengths of these integrations may be reduced to the distances between the sections 1!
and ex' and are approximated by the length of the shroud, 4 With this approximation and the mean
values of the velocities along the streamlines shown in Fig. 8, a first approximation of the circu-
lation around the shroud without a pumpjet rotor can be obtained:

'T). 17

where one bar above the vclocity symbol meansan average value in the direction of the flow and two

bars indicate averages - both in the direction of the flow and over the cross section of the flow.
From equation 15

Vmo = 2VO - Vmi r 18

therefore,
T=21(Vp - Vg ). 19

By using the usual relationship between the lift coefficient and the circulation, the following ap-
proximation canbe obtained for the lift coefficient of the shroud without the pumpjet rotor operating:

2r 4% (vy-V, )
C, = = !
L RVO !VO
or .
Vi
- SRS G 20
C =4 {I Vo}

Because of the previous definition of V:, it is possible to write the following expression for an
average flow cross section between the shroud and the central body within the flow 1regime con-
sidered:

V_,,“ D, = 0g Vg » 21
and, using the obvicus relationship,
Vm' Opx
Vo o7
the final result obtained is:
[o}
e 4{|-—-" . 22
L Ol

Because the free-stream discharge cross section (agy) may be related to the discharge cross
section between the shroud and the central body (ay.') by the empirical coefficients for a vena
contracta, it is possible to obtain a firstapproximation for the lift coefficient - in accordance with
equation 22 - on the basis of the average cross section between the shroud and the central body
compared with the discharge cross section (aex') of the same stream. Although this solution is
approximate, because the action of the pumpjet rotor has been neglected, the results are on the
safe side.

The shroud lift coefficient is of interest because it can provide an estimate of the possibility
of flow separation on the outside contour of the shroud. If the lift coefficient calculated by this one-
dimensional approximation (equation 22) is notgreatcr thanapproximately 1.5, it may be concluded
that there is little likelihood of separation,

12




The use of a one-dimensional consideration for the flow between the shroud and the ceatral body
must be challenged because the circulatory action of the shroud cannot possibly be uniform with
respect to the flow between the shroud and the central body. To determine the accuracy of this
approximation, the flow induced by a cylindrical distribution of ring vortices was determined.
Figure 10 shows the velocity at the two ends and at the middle of the ring vortex cylinder for
L = 2R, where L is the lengthof the vortex cylinder and R is its radius. Figure 11 shows the same
velocity distributions for L = R. In the latter case, the maximum change in the induced velocity
between the centerline of the system and the vortex cylinder is approximately 37 per cent of the
maximum induced velocity in the middle of the vortex cylinder and is far less at its ends. For
L = 2R, the nonuniformity in velocityis approximately 14 per cent of the maximum induced velocity
in the middle of the vortex cylinder and, again, is far less at its ends. 1t is evident (Fig. 12) that
the percentage of variation of the actual through-flow velocity in the space between the shroud
and the ceatral body is considerably less than the ratio of the resultant velocity (V) inside the
shroud to the induced velocity of the vortex cylinder(Vx.) 1t is concluded that a relatively simple
approximation for the nonuniformities of the wvelocity distribution between the shroud and the
central body, such as is indicated by Fig. 7 and equation 20, is probably sufficient for most practi-
cal design problems. It will be seen in the following section of this report that the influence of

nonuniformities in velocity ahead of the inlet to the pumpjet far overshadows that of the non-
uniformities in velocity induced by the shroud.
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Fig. 10 - Velocity Induced by Ring Vortex Cylinder for L. = 2R

1t should be recognized that an opinion regarding the danger of separation over the external
shroud surface cannot be formed solely from the one-dimensicnal approximation of the lift coef~
ficient, as expressed by equation 22, because itdoes not contain the ratio of the length of the shroud
to its radius or diameter. However, this lift coefficient, and the angle of attack defined by Fig. 6,
may enable the designer to avoid conditions under which separation is to be expected. The actual
problem of separation over a ring-shaped lifting surface, such as a shroud of this type, is a rather
involved problem of three-dimensional boundary-layer flow (8).
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E. Over-All Design Considerations for the Speed of Rotation
The following considerations are a part of the over-all design considerations of a pod-type

pumpjet and are distinct from the preceding considerations because the prior discussion did not
include the pumpjet rotor. The material that has been presented in Section D would remain

14




essentially the same if the energy addition to the stream between the shroud and the eentral body
were aecomplished by a suitable jet pump rather than by a rotating pump impeller. In this report,
however, this means of energy addition is not considered.

ADVANCE RATIO

For 2 pumpjet of given through-flow characteristics, as previously discussed, the speed of
rotation ean be determined by assuming a certain ‘‘advanee ratio,’’ which is proportional to the
ratio of the axial or through-flow velocity tothe peripheral velocity of the rotating element, It was
stated in Section A that this advance ratio should be as high as possible to achieve optimum
cavitation characteristics; however, such a choice results in a fairly low speed of rotation, which
requires rather large and heavy propulsion machinery (9). Furthermore, with a low rotational speed
there exists the danger of flow separation within the rotor-and-vane system since, according to
equation 6, a low blade velocity (U) implies a high value of V, for a specific energy input, There-
fore, low rotational speedsresultinlarge flow deflections within the rotor (especially near the root
of the blades) and the resulting possibility of flow separation.

SPECIFIC SPEED

Following standard compressor practice, it is tempting to solve this problem by a process of
trial and error; i. e., attempt to design the blade system for an assumed advance ratio and then
change the assumption, by successive steps, toachieve a satisfactory design solution. The methods
employed in this process are discussed in detail later in the report, This trial-and-error process
can be appreciably shortenec s using information available from pump designs. The pump designer
characterizes all geometrically similar machinesby theiroperating characteristics in terms of the
so-called ‘‘specific speed’” of the machine; therefore, before designing a machine, its general
form and characteristics can be estimated by calculating its specific speed:

- _n

In this equation, n is the rotational speed in revolutions per minute; Q is the total volume rate of
flow through the unit in gallons per minute; and 11 = “I{/WH , where 7, is the hydraulic efficiency and
It is the pump head in foot-pounds per pound mass (i.e., the work input for every pound mass of
fluid flowing through the machine). IFor a pumpjet, the head is equal to the increase in kinetic energy
between the inlet and discharge streams of the unit as given in equation 9.

The specific sveed usually used in pump design (equation 23) could be made dim2nsionless by
multiplying it by a dimensional constant. As a dimensionless characteristic of the machine, it is
related to the dimensionless flow characteristics within the machine, such as the advance ratio
previously mentioned and the pressure or head coefficient of the rotor-and-vane system (which
determines the flow deflection in the svstem and, to some extent, the possibility of separation).
These derivations are fully covered in Section 13 of this report and in Scction 10 of reference 10.

On the bascs of the considerations giveninrefcrence 10, and the empirical knowledge available
in the field, the specific speeds of single-stage axial-flow pumps should be kept between values
of 6000 and 11,000 (with the dimensions as given above). Values lower than 6000 result either in
excessive deflections of the flow in the rootsections of the rotor blades or in an excessively large
hub or root diameter, Values of the specific speed in excess of 11,000 imply velocities that are high
compared to the pump head (actually the square of the velocity is compared to the pump head) and,
consequently, result in low over-all efficiencies. Since a radially nonuniform head can be used for
pumpjets, it may be possible to employ specific speeds lower than 6000, but the design must then
depart somewhat from: the conventional practice of pumyp design.
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SUCTION SPECIFIC SPEED

By similarity considerations quite analogous to those that have led to the specific speed, an
over-all judgment of the cavitation problem involved in a specific application can be obtained

before the pumpjet is actually designed, The cavitation characteristics of hydrodynamic machines
can be expressed by the so-called ‘‘suction specific speed’’:

n
O HT‘/E , 24
SV
where Hgy is the so-called ‘‘total inlet head’ (the energy in foot-pounds per pound mass of
incoming stream that exceeds the vapor pressure of the liquid), and n and Q have the same dimen-
sions as in equation 23, For a propeller or a pumpjet, this inlet head is

V2

1
29
where h is the depth, in feet, of the propulsor below the surface of the ocean; the constant 31 is the
atmospheric pressure minus the vapor pressure of cold water expressed in feet of sea water; and
Tram 18 the ram efficiency (i.e., thc per cent of the inlet kinetic energy available at the pump rotor).
This efficiency can be 80 per cent or higher for a well-designed iniet, even if the velocity distri-
bution at the inlet is not uniform (3).

The suction specific speed can also be related to the flow conditions inside the machine as
shown by Fig. 13 (which is derived from Fig. 37 of reference 10). The figure shows curves of
constant values of the pressure or cavitation coefficient of the blades with respect to the velocity
of flow relative to the moving blades. The curve of suction specific speed that can be obtained
for an assumed blade coefficient has a fairly flat optimum when plotted against the advance ratio
(Vm/U) of the rotor tip section., Since cavitation-free performance has been achieved with blade
cavitation numbers (Cy) as low as 0.2, itcan be concluded from Fig. 13 that suction specific speeds
up to about 10,000 can be achieved under conditions where cavitation must be completely avoided,
although such a value willrequire averyprecise blade design. If some local cavitation is tolerable,
substantially higher suction specific speeds can be achieved.

1t can also be seen from Fig. 13 that the advance ratio of the rotor tip section must be between
0.25 and 0.35 to obtain a suction specific speed of 10,000 with a blade pressure coefficient of not
less than 0.2. If it is desirable to maintain a reasonably high speed of rotation, the advance ratio
cannot be chosen simply aslow as possible (as might be indicated by only cavitation considerations),
but the advance ratio has an optimum dictated by the inlet operating conditions as expressed by
the suction specific speed.

Hsv =h+3|+’7RAM 25

On the bases of equations 9 and 25, it is relatively easy to form an opinion about the total inlet
head (Hgy) in comparison with the head (Hp) of the pumpjet. For example, if V4 were larger than
V; by the factor V2, equation @ would show the pump head to be ’\712/2g. From equation 25, it is
evident that Hgy generally will be larger than V12/2g and, therefore, generally larger than the
pump head (HR). Thus, the suction specific speed for jet pumps is usually lower than the specific
speed of the machine; and it can be concluded that it is generally possible to avoid incipient cavi-
tation in pumpjets within the specific-speed range mentioned above (6000 to 11,000).

It should be noted that the relationship between the suction specific speed and the other flow
characteristics given in Fig. 13 is based on the assumption of a rotor hub diameter of zero. In
reality, the suction specific speeds will be lower by the square root of the actual inflow cross
section of the rotor as compared with 022 /4, where Do is the inlet tip diameter of the rotor.

This reduction in suction specific speed is small unless the diameter of the hub is larger than the
radius of the rotor tip.

PROPULSOR SPECIFIC SPEED

1t should be noted that the foregoing similarity considerations should actually be expressed
directly in terms of the operating conditions that are of importance for pumpjet performance. For
example, instead of using the volume rate of flow and the head of the machine, it would certainly
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be of grezter interest to refer the speed of rotation to the thrust and forward velocity of the
propulsor, which are the primary performance eharacteristics of a pumpjet. These quantities
can be used to derive a ‘‘propulsor specific speed’’:

n = n_\/—E
PS Vz 1 26

which may be defined (quite analogously to the specific speed) as, ‘‘that combination of thrust,
forward velocity, and speed of rotation that, if maintained constant, permits similar [iow conditions
in geometrically similar pumpjets or any other type of rotating propulsor.’”’ Thus, all propulsors
that have (for the same mass density of the fluid) the same value of the propulsor specific speed
(nps), can be (but do nothave tobe) geometrically similar; i.e., they can be derived from each other
by a simple process of scaling and by changes in absolute velocity and speed of rotation.

The value of this similarity criterion of rotating propulsors is not likely to become apparent
before this coefficient has been calculated for alarge number of propulsors, and the various design
and flow characteristics of the propulsors have beenplotted as a function of the propulsor specific

speed, The foregoing use of pump characteristics has, at present, the advantage that these charac-
terislics have been used successfuilly.

F. Over-All Design of a Pumpjet Operating
on the After End of a Body of Revolution

This section of the repcit covers the over-alldesign of a pumpjet located on the trailing end of

a propelled body of revolution as shown in Fig. 14, The arrangement is quite similar to that
discussed in reference 7.

AVERAGE VELOCITIES

Since the inlet of such a pumpjei is exposed to the boundary-layer flow of the propeiled body,
the inlet velocity V; is obviously not uniform with respect to the distance from the body. A first
approximation for the design of thc passages within the pumpjet shroud can be obtained by con-
sidering average meridional velocities (V) By the use of such average velocities, considerations
are obviously quite similar to those given in Section D; however, the definitions of average
velocities under the conditions described here require some considcration.

An average of the meridional through-flow velocity may obviously be defined using thc con-
dition of continuity:

_ | 8y
Vias _/; V dy, 27

where Ay is the thickncss of the flow layer taken into the pumpjet measured normal to the direction
of the flow, However, if the momentum of the flow is being considered, the definition of an average

velocity is
_ sy by
V ='/; % d)/'/; y dy 28

If the energy transport through the cross section is to be evaluated, the corresponding average

velocity would be defined by
_ By by
v? =_/; v’dy/_/c; y dy 29

Fortunately, the differences in average values defined according to equations 27, 28, and 29 are not
very large; and it is probably sufficient to use only one of these definitions in all cases. The

definition given by equation 28 with respect to the momentum of the meridional flow represents a
usable mean value,
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Fig. 14 - General Arrangement of a Pumpjet Located at the After End
of a Propelled Body of Revolution

VELOCITY PROFILES AHEAD OF THE SHROUD

The velocity distribution over the boundary layer of a body of revolution is rarely given by
theoretical considerations; it is determined by a wake survey, usually taken in a plane midway
between the leading andtrailing edges of the propeller or pumpjet rotor that replaces the propeller.
This measured velocity distribution may then be transferred to another cross section, such as a
cross section ahead of the pumpjet inlet, either by assuming the total energy of the flow to be
constant along streamlines or by using the laws of vortex flow through turbomachinery (11).
These laws become identical with the foregoing conditions if the assumption is macde that the
propulsor imparts a constant amount of energy per pound of fluid along every streamline of the
flow through the rotor.

In reference 11, the general relationship for vortex flow through turbomachinery {(under axially
symmetrical flow conditions) is shown to be

TxV

———— =consfont 30
P R Vin

along streamlines. As long as the vorticity vector Eis normal to the velocity of flow, which is true
in the boundary-layer flow ahead of the pumpjet vane systems, equation 30 can be simplified to

(5o )3

i constont , 31
where r is the radius of curvature of the meridional streamlines, n is the coordinate normal to
the streamlines (previously referred to as y), and R is the distance from the axis of rotation.

Equation 31 is valid throughout the pumpjet if all vane systems have radially or spanwise uniform
circulation; it is always valid along a streamline as long as { is normal to V
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Equation 1 and the considerations used in Section D are directly applicable with respect to the
average through-flow velocity on the end of abody of vrevolution if it can be assumed that the static
pressure some distance ahead of the pumpjet inlet and some distance behind its discharge is equal
to the free-stream pressure py. This assumption is reasonably close, because the static pressure
on the surface of a body of revolution passes through the value of the free-stream pressure near
the after end of the body, as shownin Fig. 15, Thus, the assumption of equal static pressures ahead
of the inlet and behind the discharge of such a pumpjet may be used as an approximation. Generally
the true velocities and pressures should be used, and they can be determined either theoretically
or experimentally.

SHROUD DESIGN

The pumpjet shroud may now be designed in a manner similar to that described in Section D
and Fig. 6. The configuration of a pumpjet on the end of a body of revolution is shown in Fig. 186,
where the angle of attack a is to be used in the manner described in Section D. This angle should,
therefore, be limited to values near 15 deg. Equation 22 may be used to obtain an additional check
on the lift coefficient of the shroud, although it should be remembered that equation 22 applies
primarily to flow conditions without the action of a rotor within the shroud.

—p0+ -

AFTERBODY SHAPE
\Sﬁ IDEAL PRESSURE —

)é,/ REAL PRESSURE
= e = TN N po
ﬁp—_—/

—

Fig. 15 = Pressure Distribution over the After End of a Body of Revolution

The 1lift coefficient of the shroud may also be calculated as suggested in reference 7, but it
must be remembered that all suggested approximations are incomplete with respect to one of the
most important aspects of shroud design: separation of the flow from the external surface of
the shroud. Such separation obviously could occur witha shroud of zero lift coefficient in connection
with a conical afterbody having a rather steep angle of convergence, The over-all problem of
shroud design must therefore be considered as still unsolved,

VELOCITY PROFILES WITHIN THE SHROUD

Actual results of velocity caiculations for the flow inside a pumpjet shroud, as described
above, are shown in Fig. 17 for four stations within the shroud and a station at the discharge end
of the shroud. The velocity distributions for stations 2, 3, 4, 5, and 6 are derived from the bare-
body velocity distribution (shown in the figure) on the basis of equation 31, It should be evident
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Fig., 16 - Pumpjet Shroud on Tapered Afterbody
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Fig. 17 - Velocity Distribution within a Shroud on a Tapered Afterbody
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that this solution can be obtained only by a process of successive approximations that must satisfy
the condition of continuity for the flow cross section inside the shroud. The effect of curvature on
the flow, as expressed by the second termin equation 31, can be approximated separately as shown
by the curve soindicated in Fig. 17. This curve is constructed as described in Section D and Fig. 7,
For a pumpjet mounted on a conical afterbody, the same process is illustrated in Fig. 18. The
velocity variations AV, produced by the curvature cf the flow may be algebraically added to the
velocities derived for zero curvature. Figure 17 shows that curvature has very little effect on the
flow inside the shroud.

]
\ o'V, /1

Fig. 18 - Effects of Curvature on Flow Characteristics within a Shroud

FRICTIONAL EFFECT

The foregoing derivation for the meridional flow inside the shroud is based on the assumption
of frictionless flow. Actually, a boundary layer is formed on the inside of the shroud and along the
central body. It is usually not practical to attempt an estimate of these frictional effects; they are
exceedingly difficult to predictbecause of the influence of the vane systems both ahead of and within
the shroud. Instead, it is suggested that stations 2, 3, 4, 5, and 6 (Fig. 17) be corrected for an
estimated thickness of the boundary-layer-displacement thickness on the walls of the annular
passage. If there is a retardation between the inlet and station 2, a fairly rapid growth of the
boundary-layer=-displaceinent thickness is to be expected - perhaps amounting to about 10 per cent
of the total cross section. A similar addition in cross-sectional area may be justified for stations
3 and 4. At stations 5and 6, however, a smaller increase should be used because of the acceleration
of the meridional flow from station 4 to station 6. The suggested increases in flow areas beyond
those required for the theoretically obtained velocities are empirical, and they should be adjusted
according to experimental results obtained with the actual propulsor,

G. Design of Pumpjet Rotor Blades

DESIGN SURFACES

After determining the velocity distributions in the space between the shroud and the central

body, it is possible to derive streamlines of the flow in this region on the basis of the simple
relationship

Vi Aa =constant, 32
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where Aa =R An 2r, in which An is the distance between streamlines (measured normal to the
streamlines) and R is the radial distance from the axis of symmetry.

The meridional stream surfaces so determined are generally not axial. 1t is entirely possible
to treat the flow through a vane system along these more-or-less conical stream surfaces; how-
ever, the empirical data developed in connection with the axial-flow-compressor developments
mentioned in Section A apply primarily to straight, cylindrical stream surfaces. Furthermore, the
theoretical treatment of the flow along straight, cylindrical stream surfaces is far simpler than
that of the flow along concial stream surfaces because, in the latter case, the flow relative to
rotating vanes has an inherent vorticity associated with the rotation of the blades., Thus, the
theoretical treatment of the flow is substantially complicated. )

To apply cascade data - particularly those developed by NACA for siright axial flow througn ’
this type of vane system - and to avoid the theoretical complications of the flow along conical
surfaces, the present design procedure determines the blade shape by considering only the axial
component of the meridional flow through the vane system. Thus, as shown in Fig. 19, the flow is
examined on the basis of a straight cylindrical section A-A. The meridional velocity of the flow
entering the vane system is determined by the preceding considerations for the stream surface
b-b; and the inlet velocity to the vane system along section A-A is simply the axial component of
the meridional velocity along b-b at the inlet edge of the system. For the discharge of the vane
system, the meridional velocity is that determined previously for the stream surface a-a,; the
discharge velocity alongthe cylindrical section A-Ais simply the axial component of the meridional
velocity along a-a at the point where this stream surface intersects the trailing edges of the vane
system, The axial velocity along the cylindrical surface A-A will change between inlet and dis-
charge, not only because of changes in the cross section of the meridional flow but also because
the flow passes from one meridional stream surface to another,

LEADING EDGE
TRAILING EDGE

\,
T

—TRAILING EDGE

it

Fig. 19 - Flow Surface in Meridional Plane

The actual meridional flow consists of the flow along the cylindrical stream surface A-A plus
a spanwise flow that changes the cylindrical flow to the flow along the more-or-less conical
stream surfaces a-a and b-b, As long as the vane circulation does not change in the spanwise
direction, it is reasonable to neglect this spanwise component of the meridional flow. The design
method presented here is based on such an assumption.

In reality, the flow problem involved is somewhat more complicated. The spanwise flow can be
neglected only if spanwise blade sections happen to have the same direction as a spanwise flow of
constant angular momentum. Actually, spanwise sections (called fairing sections) of the vanes will
be determined largely by the geometric considerations describedat the end of this section. Usually,
a spanwise flow of constant angular momentum does not occur; however, the situation is not
violated in principle if the leading edge of the vanes falls approximately within a radial plane
and if the incoming flow has no circumferential component. It should be recognized that the
procedure (based on neglecting the spanwise component of the meridional flow) is not exact,
and this problem deserves further critical examination.
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THE MEAN STREAMLINE

The blade profiles along cylindrical sections, such as A-A of Fig. 19, can be designed by
several methods. The method used here is the ‘*mean-streamline’’ method, which is described in
reference 10, This method determines changes in the circumferential component of the flow through
the vane sysiem caused by the pressure differences along the blade and the departure of the hlade
camber line from the mean streamline so determinedby a semiempirical analysis of NACA cascade
data based on the same mean-streamline principle. Anexample of a blade layout for a fairly large
ratio of axial tocircumferential relative-velocity componentis shown in Appendix A. (The Appendix
consists of four actual blade designs.) The inlet velocity vector of the relative flow (w2) and the
discharge velocity vector of the relative flow (w3) are determined by: (a) the axial components of the
meridional flow at inlet and discharge; (b) the peripheral velocity of the blade at the cylindrical
stream surface A-A; and (c) the change in circumferential component of the flow (AV,), which is
determined by the Euler equation ofturbomachinery (equation 6). The subscripts 2 and 3 denote the
stations ahead of and behind the rotor (see Fig. 1).

The axial component of the discharge relative velocity (wg) is not exactly equal to that de-
termined by the flow shown in Fig. 17. It is larger by an amount equal to the area reduction
produced by the blade thickness at the discharge edge plus the displacement thicknesses of both
blade boundary layers leaving the blade profile. Appendix A shows a typical curve along which
the ends of the relative velocity vectors travel from the inlet to the discharge. 1t is difficult to
determine the exact displaceinent thickness of these boundary layers; however, the reduction in
meridional cross section caused by the blade boundary layers can be estimated and an appropri-
ate increase (greater than that given by Fig. 17) can be made in the axial component of w,. The
axial component of the relative velocityat intermediate locations between the inlet and discharge
of the rotor can be obtained in exactly the same manner.

The circumferential component of the a.solute velocity atintermediate locations is determined
by a simple proportion of the diagram of blade pressure vs axial length. The circumferential
component of the relative velocity can then be obtained by subtracting the blade speed from the
circurnferential component of the absolute velocity. Details of this procedure are given in refer-
ence 10.

The mean streamline may now be diawn by the so-called ‘*meathod of isoclines'; i.e., it is
constructed such that it is tangent to the relative velocity vector at every point.

THE MEAN CAMBER LINE

The departure of the mean camber line of the blade from the mean streamline is assumed to be
proportional to the lift coefficient of the blade. The distribution of this departure along the blade
profile is derived from NACA cascade data, as described in reference 10. A typical departure
curve suitable for vane systems requiring high resistance to cavitation is shown in Fig. 20, The
unit of departure is the maximum departure of the standard NACA 65-series cascades as shown in
rig. 21 (from reference 10).

The lift coefficient of the blade is mnst easily determined by equation 265 of reference 10. The
equation, rewritten with the notations used in this report, is

@ =2——U—tT 33

*

where t is the circumferential spacing of the vanes, { is the chord ic. gth of the Liade, and wg is the
vectorial mean between the relative inlet and discharge vectors.
If the lift coefficient is referred, instead, to the inlet relative velocity,

W,

8 n

2 © W 34

N

The value of CLz can also be determined from the mean pressure difference across the blades
as derived from the assumed pressure-distribution diagram shown in Appendix A. 1t is seen that
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this diagram uses pw2/2 as the difference between the free-stream pressure and the stagnation
pressure; therefore,

.2 " .
e e JANSTIEE 35

where Ap is the pressure difference as plotted in the pressure-distribution diagram, 1'0 is the
coordinate of the blade in the axial direction, and f  is the total axial extent of the blade.

Equations 33, 34, and 35 relate the velocity diagram to the pressure changes and the so-called
‘*solidity’’ of the vane system (£/1).
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Fig. 20 - Chordwise Distribution of Camber=-Line Offsets

The maximum departures of the camber line ofthe blade from the mean streamline are plotted
in Fig. 21 as a function of the so-called ‘‘stagger’’ angle of the vane system (8) measured, in this
case, from the axial direction of the vane system. The departure An, is measured normal to the
base or chord line of the blade and is referred, in Fig, 21, to the unit lift coefficient. Figure 21
represents these departures for the standard 65-series cascades investigaged by NACA.

Figure 20 shows the distribution of the camber-line departure from the mean sireamline along
the length of the blade. The solid curve shows departures derived from so-called ‘‘trailing-edge
loaded” profiles investigaged by NACA. In this case, the maximum departure is larger than unity;
i.e., it is larger than the maximum departure of the standard NACA 65-series profiles. The mean
departure curve for the standard 65-series is also shown for comparison,

The actual departure is determined from those shown in I'ig. 20 by the relationship

an = (%)mm (EAHT—;“> CLQ 1, 36

where An/On_is the value read directly from Fig. 20 for the various stations along the chord
of the blade. On the horizontal axis of this figure, 0 indicates the leading edge and 1 indicates the
trailing edge of the blade.
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Fig. 21 - Unit Camber=-Line Departure for NACA 65-Series Cascades

After determining the camber line of the blade in this manner, the thickness of the blade is
determined from the changes in the axial component of the relative flow by the relationship

T av,

37

G0V,
where v is the circumferentia! blade thickness. The originally assumed curves along which the
relative velocity vectors travel from the inlet to the discharge will not produce a profile that has
a smooth contour; therefore, it is generally necessary to correct the contour to obtain a hydro-
dynamically acceptable shape. To meet the over-all conditions, this contour is drawn with a
minimum of curvature along the sides of the blades; the resulting profile is generally a decisive
factor in blade performance.

DESIGN EXAMPLES

From the departure curve in Fig. 20, it will be noted that a variation of this curve is indicated
near the leading edge because the action of the blade is largely determined by its trailing portion,
The manner by which this freedom of choice for the departure curve near the leading edge can be
utilized to meet flow conditions is discussed in the following examples of blade design.
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Appendix B shows the blade profile for the tip section of a pumpjet rotor of a much lower
advance ratio than that shown in Appendix A; however, the principles of design are exactly the
same,

Appendix C shows a blade profile, also derived by the same method as that in Appendix B, for
the root section of a pumpjet rotor of fairly low advance ratio. The required flow deflection for
this root section is, of course, much greater than that of the tip section of such a rotor (Ap-
pendix B), because the change in circumferential component multiplied by the peripheral velocity
of the particular section must remain constant, as indicated by equation 6.

THE LEADING EDGE

Appendix C shows aconsiderativinthatlimits the choice of the blade shape near its leading edge,
which was left somewhat undetermined by the departure curves in Fig. 20. The length § is es-
tablished by drawing a line perpendicular to a line through the leading edge that has the direction of
the incoming flow and such that it passes through the leading edge of the neighboring blade. This
distance § should not be obstructed by any portion of a blade; otherwise, the flow in the region
ahead of the vane system would have to be accelerated between the vanes. It should also be clear
that this distance is strongly influenced by the choice of the departure curves near the leading
portion of the blades. For the tip sections, where the blades do not usually overlap, the lower
departure curve shown in Fig. 20 can be used. For root sections, such as that shown in Appendix
C, it may be necessary to use the upper departure curve to make certain that the distance between
the blades does not require an acceleration of the mean flow when entering the blade system.

FLOW SEPARATION

For strong deflections, such as those that occur in the root sections (Appendix C), it is neces-
sary to consider limits of retardation as determined by separation of flow from the low-pressure
side of the blades (‘‘stall’’). Considerations with respect to stall are discussed in reference 10.
As a simple rule of thumb, it should be considered that the relative discharge velocity of the
system should be preferably not less than 0.6 of the relative inlet velocity but never less than
haif that velocity. The velocity condition shown in Appendix C represents very nearly a limiting
case of retardation of the relative flow between the vanes.

STATOR BLADES

The same design considerations described for the rotor vanes also apply to the stator vanes
behind the rotor. Again, the more-or-less conical meridional streamlines are replaced by a
cylindrical section B-13, as shown in Fig, 19, A typical diffuser vane section derived by the mean-
streamline method is shown in Appendix D. If the shroud is properly designed, the meridional
component of the flow (and thereby the axial component of the flow in the blade section) can be
sufficiently accelerated to avoid any retardation of the flow within the diffuser-vane system. As a
result, boundary-layer growth and corresponding losses within the vane system should be mini~
mized., This design expediency is obviously not available for standard axial-flow pumps, because
an acceleration of the meridional flow would result in losses in the discharge passages of the
pump.

FINAL BLADE DESIGN

The designofthe individual vane sections onthe basis of local flow conditions is incomplete in at
least two respects: (a) the relationship between the velocities, the pressures, the solidity (t/4), and
the lift coefficient as expressed by equations 33, 34, and 35, leaves considerable freedom of choice
with respect to the variables involved; and (b) the pressure difference across the blade (AP) - as
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shown, forexample, in Appendix A - shouldbe determinedin a manner such that a given, reasonably

uniform, cavitalion performance is ohtained. For the blade section considered in Appendix A, it is

seen that the pressure reduction below the mean static pressure at the inlet is 0,29 (pw:/2), where

wo is the relative inlet velocity., For the particular example considered, it 'is seen that Wo =

1.429 V, . Therefore, if the static-pressure difference between the rotor inlet and the free stream is

neglected, the cavitation number referred to the forwardvelocity of the propelled body (V, or\V,) is
2

o029 —%— =029 x 1429%=0.59. 38
w2
In reality, the cavitation number islikely tobe somewhat greater, because the pressure distribution
cannot be expected to be exactly that shown in Appendix A.

The pressure distributions may now be selected for other blade sections so that the cavitation
number (o) is about the same for all blade sections. The inner blade sections are usually designed
for a slightly lower cavitation number than thatdetermined by the foregoing considerations so that
the pcssibility of cavitation is greatest at the tip - where the deflection of the flow is a minimum -
and agreement with the approximation used here might be an optimum.

After determining the pressure reduction, and thereby - to some extent - the average pressure
oifference over the blade from cavitation considerations, an approximation is obtained for the lift
coefficient on the basis of equation 35, andthe appropriate values of the solidity (t/1) of the various
sections may be determined,

The cascade sections obtained are dimensionless and must first be adjusted so that the blade
spacing (t) varies with the distance from the axis and yields a whole number for the number of
blades, The absolute size of the blades or their aspect ratio is still undet .. aed; i.e., thc same
geometric form can be obtained for the various cascade sections with various numbers of blades.
The actual number of blades or the actual aspect ratio must be determined by considering the
bending stress and, if possible, the elactic bending deformations in the final blades.

Even this consideration does not necessarily produce a satisfactory answer, because the over-
all geometry of the blade may, as yet, be unsatisfactory. 1t is necessary to ‘‘stack’’ the blades,
i.e., inspect the cylindrical sections after they are placed one on top of the other (see refer-
ence 10). 1t is evident that a truly satisfactory blade design can be obtained only by a series of
successive approximations.

H. A Small, High-Speed Pumpjet with Boundary-Layer Intake
THE USE OF A HIGU-SPEED PUMPJET TO REDUCE MACHINERY WEIGHT

Thus far, only pumpjets with speed and size characteristics similar to those of standard pro-
pcllers have been considered. However, a small, high-speed pumpjet with an intake submerged
deeply in the boundary layer of the vehicle that it propels has certain advantages. Such a propulsor
is discussed thoroughly in reference 9, The substance of that discussion is that a high rotational
speed implies a reduction in the weight of the power-transmitting machinery (because of the lower
torque involved) and perhaps the elimination of the speed-rcducing gears. The weight reduction can
be utilized either to carry larger payloads or to attain higher vehicle speeds. tlowever, to obtain
higher rotational speeds, a smaller rotor diameter is required thereby reducing the flow rate
through the pumpjet. Low flow rates, in turn, imply a low propulsive efficiency (as discussed in
Section B) and, hence, require a larger power plant, which can offset the anticipated weight re-
duction. Some of this loss in propulsive efficiency can be rcgained by submerging the inlet of the
propulsor deep in the boundary layer of the vehicle., As a result, thc inlet velocity is reduced and
the propulsive efficiency is increased (see reference 9).

ANTICIPATED SPEED INCREASES

The magnitude of the possible speed increase that can be obtained in such a propulsor is
demonstrated by the following analysis. Although this approach applies to both pumpjets and
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propellers, the boundary-layer-intake idea is more characteristic of pumpjets than propellers

because the presence of a shroud gives the designer much more control of the flow into the
propulsor,

Equation 12 may be written:

2 2 2
A[i U_] ! &,(d_O)i[‘_&(& V_°+2V'_] 39
U Vo' 2nqy mo ' dp /vy ta mVd /oy, Vo o

where dj is the maximum diameter of the propelled vehicle, dp is the rotor tip diameter, and mg
is a fictitious flow rate defined as

Q

m =
0 2 .2 : 40
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m
4
It should be noted that m is essentially constant, which is equivalent to assuming that the flow
rate varies as Vlzdp2 (a reasonable assumption). The quantity A(V,/U)is proportional to the
pressure coefficient of the rotor, which should be kept as high as present practice will allow;
therefore, A(V,/U) should be considered a constant. Thus, it can be deduced from equation 39
that U2/V02 varies at least as 1/d 2, and that such a variation is a conservative estimate because
of the added dependence on V;, which also must decrease with decreasing dP.

AN EXAMPLE

An exact prediction of the variation in U,2/V 2 with propulsor diameter dp is, therefore, de-
pendent upon the type of application. It mustbe pointed out, however, that V; decreases slowly with
decreasing propulsor diameter; therefore, it produces only a slight effect on the quantity U2/\702.
Because U is proportional to the rotational speed, n, of the propulsor (at the tip U = = ndp), an
estimate of the wvariation of n with dp can be made to demonstrate this principle; consider the
following example.

Submarine propellers are relatively smaller than torpedo propellers (submarines ordinarily
operate with a dp/dg ratio of approximately 0.5; for torpedoes this rativ is approximately 0.86).
Thus, the propulsive efficiencies of submarines are somewhat iower than those of torpedoes. It
would be of interest to determine what reduction in torpedo propeller diameter and, hence, what

increase in rotational speed could be obtained by reducing the propulsive efficiency to that of the
submarine.

The first step is to write equation 5 in the following manner:
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But, if the propulsive efficiency of the torpedo is to equal that of the submarine
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However, assuming that VI/VO is verynearlyequal to 1.0 in both cases (a conservative assumption
since both propellers, and especially the submarine propeller, operate in the boundary layer of
the body), and since m, is very nearly a constant for both vehicles, then
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The drag coefficient, CD‘ is approximately 0.07 for submarines and 0.1} for torpedoes, whereas
dP/dO for submarines is about 0.5, Thus, the rotor-to-body-diameter ratio of a torpedo operating
at the same propulsive efficiency as that of a submarine would be

(

d

|5
o

= 0.5

) L = 0.627
0 /torpedo 007

a

as compared to the normal value of 0,86, If the above variation of the peripheral velocity squared
with l/dp2 is now used (which has been shown to be conservative), the resulting rotational speed
is greater by a factor of 1.9. Thus, the rotational speed of the torpedo propeller could be almost
doubled yet could maintain the same propulsive efficiencies as those of submarines.

This increase in shaft speed by a factor of 1.9 is still too low to result in any drastic simpli-
fications; however, further increases can be obtained by employing a boundary-layer intake. In
reference 9, which contains a complete discussion of boundary-layer intakes, it is assumed that
75 per cent of the total drag occurs ahead of the propulsor. This is sufficient information for
calculating the boundary-layer profile, and the propulsive efficiency can be determined as a
function of the percentage of the boundary layer inducted into the propulsor. Figure 7 of reference
9 shows this function and indicates that a propulsive efficiency of better than 80 per ccnt can be
obtained by inducting 20 per cent of the boundary layer, whereas the propulsive efficiency drops
off rather rapidly as lower percentages are inducted. The torpcdo pumpjet that will be described
here was designed using this 20 per cent criterion, and it resulted in a dP/dO ratio of 0.31 as
compared to the more normal value of 0.86, Using the lldp2 rotational speed variation, propulsor
rotational speeds can be obtained that are about 7.5 times greater than those normally employed
by torpedoes. Thus, it is possible to obtain speed increases that are large enough to result in
significant simplifications and still maintain acceptable propulsive efficiencies.

This result can be applied in equation 42 to determine what rotational speed increases might
be possible for a submarine propelled by a pumpjet with boundary-layer intake while maintaining
acceptable propulsive efficiencies., Thus,

dP
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as compared to the more normal value of 0.5, Again, using the l/dl,2 variation, submarine
rotational speeds could be increased by a factor of 4.1 by the use of a boundary-layer intake
and could still maintain acceptable propulsive efficiencies.

While discussing this subject of machinery weight reduction it should also be pointed out that
an additional reduction is possible for propulsors operating in series. This additional reduction
car be obtained by multistaging, and is a simple application of the square-cube law. The strength
of a shaft is proportional to the square of its diameter, whereas the weight is proportional to the
cube of the diameter; hence, the additional weight reduction is obvious.

I. External Design of a High-Speed Pumpjet with Boundary-Layer Intake

LOW-DRAG BODIES

A body with a large diameter-to-length ratio (dO/L) has better drag characteristics than a body
with a smaller diameter-to-length ratioc because the formerhas a smaller surface-area-to-volume
ratio. llowever, separation of the boundary layer over the after portion of such a body results in
large form drag that can prevent the designer from taking advantage of the inherently low skin-
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friction drag. The high-speed pumpjet with boundary-~layer intake can act as a boundary-layer
suction device to eliminate this separation and the associated high form drag. Therefore, when a
conventional propulsion system is replaced with a small, high-speed pumpjet that has a boundary-
layer intake, the original body can also be replaced with one of a larger dg/L ratio and thus
offset the reduced efficiency of the high-speed pumpjet with the reduced drag of the body with the
larger dg/L ratio.

For sueh a combination, the location ofthe inlet is dictated by the shape of the body rather than
by the pummpjet characteristics. Usually the inlet will be located a considerable distance forward
on the body, and the pumpjet shroud will be quite long, The control surfaces can be located on the
shroud and thereby eliminate any direct interaction between the control surfaces and the pumpjet.
Of course, the outside surface of the shroud must be carefully designed, or separation will occur
on it; in fact, the outside surface of the shroud is probably the most critical part of the design. The
exit jet has a favorable effect on the shroud performance because it tends to '‘draw’ the fluid
over the shroud and thus prevent separation. Although every shroud observed by the authors
exhibited flow separation without the pumpjet running, flow separation did not occur on the care-
fully designed shrouds when the pumpjet was running., Figure 22 shows a pumpjet in a moving
stream with the rotor at rest. Flow separation on the outer surface of the shroud is disclosed by
the motion of the tufts., Figure 23 shows the same pumpjet but with the rotor operating; no flow
separation is evident. This pumpjet, whichis a small, high-speed unit with a boundary-layer intake,
was designed for a torpedo-shaped body. For this particular design, no attempt was made to take
advantage of the higher vehicle dg/L ratios possible with such a propulsor. The pumpjet was
designed to take in 20 per cent of the total boundary layer (as discussed in the previous section).
This shroud will be used as an example of a method for designing the outside contour of a type of
shroud that would be used with bodies having a high diameter~-to-length ratio.

SHROUD DESIGN

The possibility of separation on a surface is minimized by shaping the surface so that the
adverse pressure gradient along its length is as gradual as possible. For the shroud of the
boundary-layer-intake pumpjet discussed here, this can be done by determining the streamlines
over bodies of revolution of various shapes and determining the pressure along a streamline that
is located approximately where the shroud must be located for each of the bodies investigated.
Then, the streamline having the most gradual pressure gradient is chosen, and this streamline
is used for the outsidc shape of the shroud. This procedure will now be described in more detail.

The flow cover a body of revolution can be determined by the combintaion of a source (or sink)
and a uniform flow., The strength of the source (or sink) is chosen so that the diameter of the
bocdy formed by the closed streamline (i.e., the diameter infinitely far from the source, or sink)
is the same as the body in question. I'or this particular design, the streamlines of such a flow
were determined by a graphical method that is probably the quickest way of finding a solution. The
closed streamline was first determined; a second streamline was then located normal to the body
and at a distance from the first streamline equivalent to 20 per cent of the boundary-~layer thick-
ness. The pressure variation along this streamline was determined and found to be too drastic;
therefore, a second representation of the bodyv was used that consisted of two sinks and a uniform
flow, and the streamline pattern was again determined graphically. The resulting streamline
pattern is shown in Fig. 24, The velocities along the streamline that correspond to 20 per cent of
the boundary-layer thickness (and, hence, the pressures) are indicated and, as can be seen, the
variation is quite gradual. Therefore, the outside surface of the shroud was made to correspond,
as nearly as possible, to the contour of this streamline.

Figure 25 shows the finai shape of the shroud with the streamlines from Fig. 24 superimposed.
The external contour of the shroud is scen to correspond quite well to the streamline except near
the discharge where it must deviate to produce the proper jet diameter. lt.is in this area that
the jet-pump action must prevent separation,

From the actual performance of this shroud (Figs. 22 and 23) it may be concluded that this
rather crude, but reasonable, design method is quite satisfactory despite its simplicity.
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Fig. 22 - Flow Separation over Outer Surface of Pumpjet Shroud with No Rotation of the Rotor

Fig. 23 - Flow over Outer Surface of

umpjet Shroud with Rotor Operating
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Fig. 24 - Streamline Pattern of Uniform Stream and Two Sinks
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J. Internal Design of a High-Speed Pumpjet with Boundary-Layer Intake
INLET VELOCITY PROFILE

The } impjet cliosen to demonstrate this design method was originally designed for a torpedo-
shaped test body 10 ft long and 21 in. in diameter. 1t was assumed that the intake of the pumpjet
would be about S ft from the nose of the body, and the skin-friction drag coefficient up to this point
was assumed to be 0.0045, Thus, the boundary-layer-momentum thickness (assuming a constant-
diameter body) can be determined as follows:

2

A s _ Vo oy 43
skin-friction drag = 0.0045 p - 7 dol =pVy8md,,

where 8 is the momentum thickness., Thus,

8= 00045 5 44
Furthermore, it was assumed thatthe boundary-layer formfactor was 1.35, which is representative
of a turbulent boundary layer after having undergone a slight adverse pressure gradient. If a
length L of 9 ft is used, the resulting over-all boundary-layer thickness is 2.235 in. For the
particular example used here, the afterbody is already tapering at a point 9 ft from the nose;
therefore, this thickness of 2.235in. is somewhat fictitious. This boundary-layer thickness was then
related to the diameter actually existing at 9 ft by a constant-area consideration.

This method of determining the boundary-layer thickness suffices for a first design when no
experimental data exist on the body in question. If experimental data are available, both the
boundary~-layer thickness and velocity profile can, of course, be determined with greater precision
by several methods.

The flow rate can now be determined by using the criterion of inducting 20 per cent of the
boundary layer (incidentally, this 20 per cent figure also was determined by using a boundary-
layer profile with a form factor of 1.35), thus yielding a pumpjet that is as small as is feasible
without a serious loss in efficiency. The afterbody was designed (using the streamlines determined
in the previous section) in a manner such that the static pressure at the shroud inlet was equal to
the free-stream static pressure,
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VELOCITY PROFILES WITHIN THE SHROUD

Reference 3, which contains a design method for and a general description of boundary-layer
intakes, states that some prediffusion shead of the intake is both possible and desirable. This
prediffusion tends to smooth out the rather abrupt pressure changes that seem to be unavoidable
in intakes without prediffusion. Reference 3 indicates that about 15 per cent prediffusion leads to
smooth pressure changes across the intake. Consequently, the inlet area was increased 15 per
cent over that dictatedby the 20 per cent criterion. In addition, the streamline for the outer contour
of the shroud was chosen at a distance from the closed streamline dictated by this 15 per cent
increase-in-area criterion. Reference 3 also indicates that boundary-layer intakes operatc more
efficiently if the initial diffusion is continued until velocities at the rotor inlet are lower than
desired. The final stage of the inlet can then be similar to an accelerating nozzle, which is not
only efficient but also tends to thin down the boundary layer on the inlet walls.

For this design, an inlet ram efficiency of 90 per cent was assumed; and reference 3 indicates
that this is not unreasonahle if the above points are considered.

The determination of the velocity profile at the inlet to the rotor completes the shroud design.
Once the velocity profile at the inlet of the shroud is known, the profile at the rotor inlet can be
determined in several ways. Perhaps the most direct is that given in reference 11. This method
is based upon the fact that the vorticity remains constant along a streamline, 1t could be argued
that the turbulent diffusior of vorticity could be significant in a long intake duct; however, the duct
length in this design was assumed to be short compared to the length required for the development
of a fully turbulent profile. This latter length should be a reasonable estimate for the distance
required to significantly diffuse the vorticity,*

The profile determined as discussed above provides no information about the boundary-layer
growth on the inside wall of the intake duct. 1t is possible for the boundary-layer growth to be
sufficiently large to alter the predicted rotor inlet profiles, If the duct is designed such that there
is an appreciable acceleration of the flow ahead of the rotor, this boundary-layer growth will be
small and it can be accounted forbya slight enlargement of the duct. In the design described here,
the flow was significantly accelerated; therefore, the area of the duct just ahead of the rotor was
increased by 10 per cent over that used to determine the velocity profile. If it is suspccted that
there will be an appreciable boundary-layer growth, any of several methods of calculating
turbulent boundary layers may be used. In particular, Schlichting’s ‘‘Boundary Layer Theory”’
presents methods for calculating the turbulent boundary-layer growth on a body of revolution in
an adverse pressure gradient.

ROTOR S1ZE AND SPEED

In the previous discussion of the intake passage, the diameters of the rotor hub and the shroud
were not determined, Obviously, these dimensions must be known before the passage can be
designed. The selection of the rotor size and speed depends upon a number of factors. The rclative
importance of these factors depends upon the aims of the particular design; hcnce, no general
statements can be made. The two factors that entered into the design in question were: a small,
high-speed rotor; and acceptable cavitation performance.

The design can proceed in several ways, If a hub-to-tip diameter ratio is assumed for the rotor
(0.5 was chosen for this design), then the rotor diameter determines the flow area through the
rotor and, since the flow rate has already been determined, it also allows the axial velocity
through the rotor to bc calculated. Consequently,the pressure coefficient 2gHR/Uzcan be plotted
as a function of sz /U since 2gHg ngR v

M2

R— 45
v Vo

e

where sz is the average meridional velocity at the rotor inlet.

*Tests with this pumpjet showed the total pressure distribution across the duct at the rotor inlet
to be very nearly constant. Thus, it appears that there was a very appreciable turbulent diffusion,
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If a single-stage propulsor is used, the pressure coefficient ZgHR/U2 can go no higher than
0.40 or 0,45; otherwise, the blades will be loaded too heavily. In the case of a high-speed pumpjet,
it is desirable that this coefficient be as low as possible because a low value implies a high
rotational speed for a given head. By using Fig. 13, the cavitation number 2g H /V ? canbe plotted
vs Vm /U after the coefficient of minimum pressure on the blade is known. Areasonable as-
sumption for the minimum pressure coefficient would be about 0.20 (0.23 was used in the present
design). A better approximation of this value may be obtained after the blade pressure diagrams
are determined and the process repeated. Note that the cavitation number decreases as V,, /U in~
creases; i.e., a low pressure coefficient (high-speed rotor) and a low cavitation number (good
cavitation performance) are opposite characteristics. After plotting both cavitation number and
pressure coefficient vs W/U, a compromise must be made between these two factors. For this
particular design, V_"‘z/U was chosen to be 0,32, which yielded a rather high pressure coefficient
(0.43) and a rather high cavitation number (2.2).

If satisfactcery values cannot be arrived at, another value for the rotor diameter can be selected
and the pressure coefficient and cavitation number replotted. In this manner, the best possible
compromise may be obtained., This completes the selection of the pumpjet parameters; only the
design of the blade section remains. This step is carried out precisely as described in Section G.

K. Skewed Blading
THE EFFECT OF SKEWED BLADES

Perhaps the most radical innovation in the field of underwater propulsion since the introduction
of pumpjets has been the use of skewed blades on propellers and on pumpjet rotors. The term
‘*skew,”’ as used here, describes the variation of a blade from a radial line when viewed in a
direction along the axis of rotation of the propulsor. Also evident in some propulsor rotor blades
is the existence of rake, which is uefined as the variation of a blade in the fore-and-aft direction
in the plane of the axis of rotation. Both of these properties are shown in Fig, 26.

In underwater propulsors such blades have been used in an attempt to reduce the unsteady
forces generated by the propulsor and to improveits resistance to cavitation inception, ‘the ability
of a skewed blade to attain the former purpose is based upon the action of a blade when operating
in a nonuniform through flow, such as that on a body of revolution just aft the fins or control
surfaces. As the propulsor rotates, each blade moves through the viscous wakes produced by each
control surface and reacts in much the same manner as an airplane wing reacts to a varying gust,
The generation of unsteady forces resulting from such two- dimensional motion is known and has
been treated analvtically (12). Since the velocity def1c1ency caused by a control surface is usually
distributed radially by virtue of the shape of the control surface, skew has been introduced to
the propulsor blading to allow each blade to slice smoothly through the radial nonuniformity.
This slicing action is in contrast to the action of an unskewed blade that suddenly encounters
the control-surface wake along the entire length of the blade. The passage of a skewed blade
through a control-suriace wake is shown in Fig. 26,

The increased resistance to cavitation afforded by blade skew is analogous to the increase in
critical Mach number associated with the swept-wing airplane. Because the leading edge of the
wing is at an angle to the air flow, components of velocity exist that are parallel to and normal
to the leading edge. In a swept wing, the sections can be thought of as ‘“‘seeing’’ only the velocity
normal to the leading edge. Then, two-dimensional blade-section design data can be used. Thus,
the swept wing (compared with an unswept wing) reduces the blade loading by a factor equal to
the cosine squared of the swept angle (see Fig, 27), As a result of this reduction in loading, there
will also be a reduction in velocity over the section and, therefore, a lower critical Mach number.
The analogy between critical Mach number and cavitation resistance indicates, therefore, an
increased resistance to cavitation as the result of introducing skew to rotating blades.
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Fig. 26 - Rotor Blades that Are both Raked and Skewed

Fig. 27 - Two-Dimensional Effect of Skew
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(a) TRANSVERSE VIEW (b) MERIDIONAL VIEW

Fig. 28 - Skewed Bound Vortex Line and lts Effect on Meridional Flow

SKEW EFFECT AND VELOCITY PROFILES

Because it is highly advantageous to consider the flow through a rotating propulsor blade along
an axisymmetric flow surface or along approximate flow surfaces (as discussed above), the
application of two-dimensional cascade data for the design of a skewed-blade propulsor is not
possible without certain corrections. These corrections, which are required as a consequence of
the spanwise flow introduced by the presence of skew, are presented in detail in reference 13;
therefore, they will not be repeated in this report. Reference 13 also includes a discussion of
the effect at the ends of a skewed blade caused by the presence of the shroud and the hub. This
effect will be discussed later in this report.

The design of skewed blades as presented in reference 13 assumes that the flow field entering
and leaving such a blade is known. The flow through a skewed blade is much different from that
for an unskewed blade, as can be seen from Fig. 28. In this figure, the action of the skewed blade
is replaced by a bound vortex line having a total vorticity of {. The total vorticity will have both a
radial component CR and a circumferentially directed component {, . 1f the blade also has rake, an
axial component will also exist. 1t is assumed, for the present, that the blade has no rake and,
therefore, no axial component. The effect of the radially directed vorticity is, by itself, the same
as that which exists in an unskewed blade. The circumferential component thereby represents the
effect of skew on the flow field through the propulsor.

If an axisymmetric flow field or an infinite number ofbladesis assumed, the circumferential
vorticity will appear as a continuous radial distribution of ring vortices concentric about the
axis of rotation. The circulation of each ring vortex is related to ;9 by the definition of vorticity,
i.e., circulation per unit area - which is, in turn, related to CR by the skew angle ¢ Therefore, if
the value of CR required to produce the necessary turning or rotor thrustis known, the distribution
of ring vortex circulation, ¥, is known.

To illustrate the action of these vortices, consider the radial distribution replaced by a single
ring vortex of strength

R
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The effect of such a vortex onthe meridional flow in the plane of the leading or trailing edge of the
blade (the vortex is positioned at the midchord of the blade) is shown in Fig. 28b. 1t is seen to be
an effect of increasing the through-flow velocity near the hub of the rotor and decreasing it near
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With the introduction of a shroudtothe skew-bladed rotor, the condition of zero velocity normal
to the shroud must be satisfied. A similar condition must be maintained at the hub surface. If both
the shroud and the hub surface are approximated by cylindrical surfaces (concentric cylinders
about the axis of rotation) then, by unwrapping the flow surface and considering it as a plane rather
than axisymmetric flow, these boundary conditions can be satisfied. The effect of t,e on the
meridional velocity becomes the solution for an infinite row of two-dimensional vortices with the
shroud and the hub surface represented by the straight dividing streamlines between adjacent
vortices. A more accurate approximation of the effect of Ly then follows by replacing the single
vortex of strength I' by a continuous but still two-dimensional distribution of vortices of strength
Yy between the hub and shroud.

The use of a distribution of two-dimensionalvortices in place of = distribution of axisymmetric
ring vortices is an expediency necessitated by the lack of a straightforward solution for the proper
dividing streamlines. It is of interest to note, however, that the use of a finite number of ring
vortices - together with a distribution of sources or sinks on the axis of rotation - has been
employed successfully for the design of a skew-bladed propeller. Future work should include an
attempt to obtain a more realistic representation of this effect in pumpjets.

After obtaining the velocity distribution representing the effect of skew (see Fig. 28b), the
distribution must be corrected to assure that the condition of continuity is satisfied. This cor-
rection requires the nodal point of the velocity distribution, or the point where the velocity
changes direction, to be shifted either inboard or outboard in a manner such that the portion of
axial velocity induced aft represents the same mass flow as that induced forward. The resulting
velocity distribution is then added to that associated with {_, and the blade design can proceed
since the entire velocity field is known.

TIP EFFECTS

The introduction of skew to the rotor of a pumpjet has resulted in an interaction problem not
previously significant in pumpjets: the interaction of the rotor tip and the boundary layer on the
inside of the shroud. By virtue of the induced velocity representing the effect of skew, a retar-
dation of the boundary layer occurs on the inside of the shroud. Such a retardation subjects the
tip of the rotor blades to a high local angle of attack resulting in a high loading at the leading edge
of the section. As a resuit, the leading edge will exhibit very localized cavitation.

There appear to be several approaches to control this high leading and the resulting cavitation.
One method is to control the amount of retardation by limiting the velocity induced by the intro-
duction of skew. This procedure results in an upper limit on the value of the skew angle o 1t
appears, on the basis of experimental observations, that if the forward axial velocity induced by
Ce is maintained - so as not to exceed 20 per cent of the total axial velocity without skew - then

presented in reference 13 concerning the blade and the effects of enclosing a skewed blade in a
shroud or casing. This effect isincluded by representing the action of the blade by a vortex system
with an image vortex system to represent the effects of the wall. With such a vortex representation,
the additional induced velocities resulting from the presence of the wall can be determined and
included with the previously determined velocity field.

The representation of the blades and shroud in reference 13 assumes a two-dimensional flow.
The existence of a curved rather than a plane wall in a pumpjet, therefore, makes this approach
a first approximation. The results of this study do show, however, the need for introducing
additional camber to the tip section of the blade, which is in agreement with experimental obser-
vations that indicate a high localized loading at the blade leading edge.

L. Experimental Results

The previously discussed design principles and procedureshave been employed at the Ordnance
Research Laboratory for the design of pumpjets to be used for the propulsion of completely sub-
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merged, axisymmetric bodies. Applications of low-speed pumpjets have been made for both
torpedoes and submarines, and high-speed pumpjets have been applied to torpedoes.

A LOW-SPEED PUMPJET OPERATING ON THE AFTER END OF A BODY OF REVOLUTION

The experimental results obtained with a low-speed pumpjet are typified by those for an 8-in,-
diameter torpedo model. The general arrangement of this pumpjet is as shown in Fig. 14. The
results of water-tunnel tests conducted on this propulsor are shown in Figs. 29 and 30, The
design advance ratio for this propulsor was 1.725 as compared to the operating advance ratio
of 2.025. The operating advance ratio is defined as the advance ratio at which the net thrust is
zero. This discrepancy between the design and operating advance ratios is due primarily to two
reasons:

1. The original drag coefficient was overestimated. (This propulsor was designed before
accurate wake data could be obtained from the model,) This experience emphasizes the need for
accurate wake data, but the lack of such data does not present a basic problem.
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2. No adequate method of determining the alteraticn of the drag resulting from the presence of
the pumpjet is available. It is felt that the analytic determination of this effect is, as yet, the most
important problem remaining in pumpjet design.

Figure 29 demonstrates the advantage of model tests. The curves designated ‘‘5 per cent’’ and
‘10 per cent’’ represent an increase in shroudexit area by the amount indicated in contrast to the
as-designed exit-area curve designated ‘' standard.’’ The variation in net thrust as the result of
these increases in exit area demonstrates how the performance of a pumpjet can be altered by
such minor modifications,

The overestimation of the design thrust can be termed an advantage with respect to the
cavitation performance of the propulsor. The observed critical cavitation indexes of the unit as
a function of advance ratio are shown in Fig. 30, The curves marked ‘‘unmodified’’ represent
the cavitation performance of the pumpjet as observed with the blading in its original or as-
designed form. Observations with the blades in this form indicated premature suction-surface
cavitation on their leading edges. A modification to the blades, based on the acutal wake data,
consisted of an increase in the slope of the mean camber line by approximately 5 deg in the
vicinity of the leading edge. The resulting cavitationdata are indicated ‘‘modified.’’ This improve-
ment, together with the increase of the self-propulsion advance ratio to 2.025, resulted in a
cavitation performance that exceeds the predicted critical index of approximately 0.7.

A HIGH-SPEED PUMPJET OPERATING ON THE AFTER END OF A BODY OF REVOLUTION

Considerable experimental data have been obtained on the high-speed pumpjet described in
Sections 1 and J. These data are presented in detail in reference 14. Figure 31 shows a plot of
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torque coefficient vs advance ratio with the design point indicated. The fact that the design point
lics very close to the actual operating curve indicates the adequacy of the design method described
in this report. The operating advance ratio (not shown) was approximately 7 per cent higher than
the design advance ratio (indicating an overdesign), thus demonstrating a basic inadequacy in
estimating the drag.

The velocity profile measured at the rotor inlet of the propulsor is shown in Fig. 32. The
rapid velocity decrease near the hub and near the shroud represents the boundary-layer growth
on the hub and shroud surfaces, The thickness of the shroud boundary layer results in excessive
angles of attack near the tip of the blade and is manifested by poor cavitation performance at
the blade tip. The velocity profiles designated‘‘design’’ were determined assuming that the energy
distribution across the flow was the same at the rotor inlet as it was at the shroud inlet. The
velocity profile designated ‘'uniform energy distribution’’ was determined assuming that the
nonuniform energy distribution at the shroud inlet was completely ‘‘smeared out’’ before the flow
reached the rotor inlet. The curve foruniformenergy distritution is obviously more accurate than
the design curve.

The cavitation performance of this pumpjet is shown in Fig. 33. The blade-surface cavitation
near the midspan of the blades is aboutas predicted in the design analysis; however, the important
point is that the most critical regions (withrespect to cavitation performance) are: (a) the leading-
edge suction surface at the tip of the blade (this is a result of the shroud boundary layer discussed
above), and (b) the leadage vortex caused by the leakage flow across the blade tip. Both phenomena
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are caused by the interactionbetween the rotor and the shroud and, hence, are inherent to pumpjets.
It 1s the authors’ opinion that this interaction represents a major unsolved problem in pumpjets.

M. Conclusions and Recommendations

At the Ordnance Research Laboratory, the hydrodynamic design of pumpjets for the propulsion
of underwater vehicles is aimed primarily toward the attainment of a high resistance to cavitation
in the propulsor, and such performance hasbeendemonstrated. Three factors have been responsi-
ble for the success of this program,

1. The NACA cascade data, in their original form, are not satisfactory for the design of a
pumpjet with high cavitation resistance. By a judicious generalization of these data, blade-section
profiles were obtained that are more uniformly loaded along their chord than the NACA profiles,

2. High-solidity blading was used to increase the number of blades and to reduce the loading on
each blade. This improvement is achieved at the sacrifice of efficiency because of the added skin-
friction drag, but this efficiency loss must be accepted to obtain high cavitation resistance.

3. The velocity profiles at the inlet and exit of the rotor and stator blades were carefully
determined.

The authors believe that the hydrodynamic design of pumpjets includes problems that are not
completely solved. The major problems are listed below.

1. Means must be found to predict the effect of the shroud on the net force produced by the
propulsor and on the flow through the propulsor. Such work should supplement the work of
reference 7 and may include the work of reference 5.
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Fig. 33 - Cavitation Performance of the High-Speed Pumpjet

2. Detailed experimental and analytical investigations of the flow near the tips of the rotor
blade are required to determine the effect of the presence of shroud and the clearance between
the shroud and blade ends.

3. Unsteady flow and unsteady forces are problems that are common in the design of both
pumpjets and propellers.
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APPENDIX

Blade-Layout Diagrams




s ma)

fo

EFFECT OF BLADE THICKNESS
& BOUNDARY LAYER

N\

' / V//«'/r!\< \ , // /
/ ;7 - L CAMBER LINE | '/l P :
. [ / >
7 \ | ~
i )1 y \/{'

| I s —

(7, R p—

2
2920

A - Typical Section of a Blade with a High Advance Ratio




r i an—

S S = pe
N - S CAMBER  LinE

B - Tip Section of a Blade with a Low Advance Ratio




[ |
4 \ pws |
> S bi -
| 2
\ ~
n, N
| >
|
|
CAMBER  CINE
vl )
=%
=& S
= s - 5

B - Tip Section of a Blade with a Low Advance Ratio




N
Xy
)

SR A,A,/“‘ \

/e

C - Root Section of a Blade with a Low Advance Ratio



2
S 1,03 §Wa ]
N B 2

AN
|
|
‘ ;
‘ 1
1
SIS
- //
)/L)}/
]

|

|

|

1
|
Z

~—_ / ‘ ‘\\3, \ y
> ~ A K “\/ N
QRN X
e — ‘L:_':\n‘; : Y _ 1
A° < TS A
AN P /

| //
***** s
A ; ///
— Y P — = 4 -
IN— _F/ - L f’v/{/ﬁ. 03552 J

C - Root Section of a Blade with a Low Advance Ratio




o

e —
L—

e
/‘ .

\

N

- Y =
,, .
> o674t — >

N
:
|
|

D - Typical Diffuser-Blade Section




(19a0)

_£5 9q 01 *SUOTIDLIISSI UIUIISD YIIM PAJIIPISLOD ST WIS {s amea aq ydnoayy wmoyy eyl cfEdlnow

_tuds A[[viXe 2¢ O} PIWNSSE S1 PROJYS A} UIGIA MOJ [EAOIPLIdW 24, ssdwnd pue sa0ss34dwod
moj-rerxe wodj pauted aouataadxa pur adpaymouy jo Srsua an uo pauflisep aq Lew jaldwnd Syl
*{1auynewr
uiradoad ayy jo ydiaxn ayy 2onpau ol aayjadoad [euOlUSAUOD B uTY) JI[[BWIS SprL Aq ue: 1l
-duind ayy ‘Aleanruimne : ajradoad nado gy i S2NSLINDILIEYD UONTITAED aaaq aaeyl oy paudisap
aq ued 1afdwnd a3 ‘suotjed;ildde utentad Jo0d ‘a12tyaa 3y jo Lnooraa oy Jo Anaapuadapur ss5ap a0
10w PA[[OUOD B 03 J010d 2yl yidnoayl £11001aA4 »OfJ oWy Sipwa ] pRoJYs 3yl “PuOJYs J0 j00p Ut
-ypiw duneyoa aapjadodd [eUCHIUIAUOS B OF JETIWNE ST - aosndoad dyweudpoapdy v - jaldund ayj,

sy 4 +dd gr k96T ‘g1 LRIV

°f ‘uosuaapudil “H "

NUADIISIA *d "D pue ‘UOUBIVDIN
UALAISSYIDNA 81 woda sy,
SLAT NN A0 NOISAA AHL 04 ONLAN ¥

‘B d ‘WIEQ 11S10A1U(} ‘11S03ATUN IS eluea({saua,f sl
1-2-6020-£9 MON °ON 1i0day £10jeI0qeT YdIBaSIY DUEUPIO

AATIISSYTIONN ST paed syl

{1240

-{a Aoy s L1 W3 W ‘paus 12} aura ayi yduoayy wmopj ayl C[esniidwr

- CIIRIATR D 0] pAUNSSL ¢ W utite wojj [euoiptasw oy csdund pue saossazdwod

n alipaywouy Jo s15eq Ay uO paudisap aq Avw 1afdwnd ayg.
*Adautyoeur

Mojj=lutxe wod pauted drudtdadx

Aurradoad aqi Jo wydtawn Q1 arnpat 0y a3r1ado RUEPA] ueyl Jaj[ews aprw aq ued 33l
—dwnd ayy *srpaneudeiin taafadoad uadn ue awyy SoTSIIANOW uonielIAED 13133q dAey 01 paudisap
aq uin 3afdwnd 3y ‘sunursyjdde unnaa Jo “APRIYAA Syl Jo {1t201aa ays jo Anuapuadaput $S37 a0

210W PA[OIIUGS 3G O 10104 AY) UANOIYY £115013a »o1] Ayl sturdad proays ayl ‘pnolys Jo doup e ul
—itw Junejoa a3((adoad [RUOHUDANOS € O JU[TWIS §1 - 10S ndoad sywreulpoapay v - 1aldurd 3y).

‘ csfiy g cdd op tvenT "1 Ael
SO0BONSTIY * D) puB TUOYLY Y ‘o ‘[ ‘dOSJapudy] “F Y

AATAISSVIIND 51 110das S1yl.

SLACAINA A0 NDISFA Fitk HO4 QOHLAN ¥

‘B *yae Ansdaatu)) Q1SaaAtu} ayey viuea(lsuua g ayl
L-9-6020-£9 MON ‘Ox 110day L1mEdoqeT Yadeasay IdurupsO

QATAISSYIIN 1 =1 paed Sl

(1340}

-£5 9 01 *SUONDIIIE DT UTEIIID I ‘PAIIPISUOD ST WAASAE suea Ayl ydnoayy mory Ayl C[EILIAW
-wAs A([e[XE 2q 7] pAWINSSE S§1 PROJYS Ay} UlYHM MO[} [BJO'plIdw 3UL csdwnd pur s10ssa1dwWod
mO[J-[BIXE Wodj pauled aouatiadxe pue 38paimory Jo s1Seq ay; uo paudisap aq Luewr jafdwnd ayy,
-£:aupoEw
Buinredoad ayi jo ydiam ayy aonpaa 01 ga7adoad [PUORIUIALOD By} uTY IB[[EWS Ipelt aq ued 1af
~dwnd ayy *A{2anrudaire wajjadoad uado uve uely SONSIIANIEIEBYD UoEIIALD A9118q 3auy 03 paudsop
aq ued 1aldwnd s ‘suoniedtidde uleldad J0, *3[21Y3a 3yl Jo £1voraa am 10 Anudpuadapur ssa] a0
2J0w pA[{0JIU0D 3q 01 10}l Ay ydnoayl £31901a4 MOYF YL gwaad pnoays ay ‘prodys Jo:3np e At
-yitm Hungiod Ja([Adoad [EUONUAAUOD B 01 JBJIUNY ST ~ aosndoad srurulpotply B - 1@ldwnd sy,

81y w cdd b TF961 GT1 4RIV

SNUDNSLM ‘ol *D PUE ‘MOYBIYOIY ‘A [ ‘UOSIIPUIH I U
AQ@TdiSSVIDINN §1 a0dax sy
SLALANNA O NOISHA AILL HO4 AOH.LAIN ¥

‘v ‘yaeg Lusaaatuf ‘Asaaamu,) aEs rluBA(ASHU3 ] AL
1-9-6020-£9 MON °*ON 110d3aY £101810qU"] YI4BISIY SOUBUPIO

QATAISSYIONN 81 paed syl

(124A0)

-£5 2q 01 ‘SUOIIDLIISAI UITLI3D Yilm ‘paJapisuod sy wasAs auea ayy ydnoayl moy) Iyl credfnaw
-wAs K[[eIXE 3q O] PAWINSSE ST PHOIYS 3y UTYIIs MO[J [ruoIplIaw ayl ‘sdwnd pue saogsardwon
woyj-[e1xe uiodj pauted asuaniadxs pue adpapmouy Jo siseq ay uo pausisap aq Lew jaldwnd ayl,
“Aasuiyoews
guiadoad ayr Jo v v H@ 2onpat 0 1a7[Adod TEUOHUDAULD Byl uByl JB][EWS Speln aq ued 18t
—duind ayy *{ipaneudajfe aaqradold uado ue Ueyl SONSLISIILITYD UOTIRITAED 121159 aaey o3 paudisap
aq ueo yalduind s ‘suonedrdde uILIIad 104 *31DIUBA AWy JO ALvogea ayi Jo Anpuapuasdapur s§9] 10
210Ul Pa[]0.1u0d A 03 J0j0d Y yFuoIy £11501a4 mO[) AY) S1JWI3d pnoays a3yl ‘pnolys 10 3dNp B Ul
-yum 8uneoa gapradoad [RUOTIUAAUOD B O} JB[TWIS 51 - aos[ndoad oyweudpoapdy ¢ - 1afdund aylL

51y p cdd or t+g61 ‘ST Leix

SRUADYISTAL ‘A ‘D PUB ‘UOURILDIN ' [ ‘UOSIBpUI[T T Y
AFIAISSYTINNA 91 wa0dax syl

SLArINGd 40 NDISTAQ FHL HOd OHLIW ¥

e g cyde Ansaaatun "AIISI8Atu] 1el§ elUBA[ASUUS] AYL
1-3-G020-£9 MON ON 110daY £I01TI0QET y2aeasay doueuplO

AALAISSVIING ST paed Syl

i

el - g hnas - £




1o pajutod os(e sde prA[oOsSuUn ulRwad JRY) surajqoad pue !passnosip aae
axeiur 1afe[-AIEpunog pue ‘uolldE 32l0j Apeajsun ‘sauea panays ‘udisap pnodys jo swalqoi,|

"SIUBWANNDAL UOTIRIIAED By} S3RIUN [TNIS Inq BlUp 10SS5aadurod sasn jen
PaquIasap s1 ufisap ape[q Jo POyIaw [eUOlsUaWIp-auo 1Senb v ruonetaes Buwpaedaa sjuswadinbag
1uadulais ayl Jo asnzoaq saosrndoxd drweudpoapdy 10y 3[qeIINS Jou aJe S.ossardwon J0J 3[quiIns
saqgoad aperq ‘ufisap aperq ayy 10 pasn aq ue> elep Jossardwod-jelxe ySnoyly ‘[edtapury

"iro pawutod osfe aae pasjosun utewas jei Swalqoad pue :passnosip aie
ayejut aalef-Jiepunoq pue ‘uonoe 20305 {pedisun ‘sauea pamays ‘uftsap pnoays Jo swajqouf

*S1U3wdainbal uotIelIAED Ayl $13at (1115 11q elep J0Ssardwos sasn eyl
P3QLId$3p S1 UFrsap ape[q JO poYlawW [EUOISUIIIP-2U0 isenb ¥ Cwoueltavd Juipaedaa sjuawaainbag
Juaduials ayl Jo asnesaq saosindoad 21wEuLpOIpLy 10 I1QRIINS 10U 34¢ SI0SSasdwos J10J a[qeiins
saryjoad apriq ‘udtsap apeiq ayy 10j pasn 3q uvd eiEp Jossardwod-reixe yfnoyyy "rednipur|

In0 pajutod os[e S48 PAA[OSUN UlRIudL jvY) Swatqoad pue passnost) ade
afriug aale[-Laevpunoq pue ‘uonoe aoa0) ApedIsun ‘sauea pamays ‘ufisap pnoJays Jo swaiqoad

"SludwaaInbal uotiellARD 3yl $193W [|I;S 1nq BIep J08S3IdWwod §a8n 1By
paqliasap st ufisap apriq Jo poyjaw TUOTSUdWIP-3uo [senb v ruoneitaed HutpaeSaa sjuswasinbaa
uafutns Ayl Jo asnesaq szosiidoad orure 1£poapiy J10J 3[quIINs jou aie siossazdwos J0J a1qeiIns
saryyouad apery ‘uF1sap apeiq ayy 105 pasn 29 urd> ejep Jossatdwod-jeixe yFnoyy  ‘restapury

"IN pajutod ose aue paA[OsSun utewad jey swajqoad pue passnosip aae
2 'UOHIDE 33.10] LIpEaISUn 'SIUBA pPIMAYS ‘ud1Sap pnoays jo swa|qou g

“sluawadinbag Holeltaed ay} s}aaw (11§ 1nq viep JOSSaIdWoD Sasn eyl
173aqLIDSap 1 udISan ape[q JO POYIAU [TUOISUAWIP~8UO 1SEND YV ouoneitaed dutpaedaa siuawadinbag
wadutals Ayl Jo asnesaq s1os[ndoad stun {poapiy 10] A1qEIINE 10U due FIOSSasdWOD J10J 3larins
sapjoad apeiq "uffisap apriq ayl 1oy pasn A ued einp Jossaxduioderetxr  ydnoyiry  Clestapu

ayeu Jafe(-{arpunoq p!



